Based on the difference between the electrophoretic mobility of the native protein and that of the unfolded one, the thermally-induced unfolding transition of proteins was analyzed by capillary electrophoresis (CE) using an in-column incubation method. In this method, the required amount of sample could be reduced to 100 ng because the unfolding process occurred not in the sample vial, but in the separation capillary after the sample injection. The thermodynamic parameters of the unfolding transition process were obtained by analyzing the dependence of the electrophoretic mobilities on the temperature inside the capillary controlled by the thermostated water. The temperature inside the capillary was measured by an easy and rapid method on the basis of the dependence of the electrical current on the applied voltage. The electrophoretic mobility was converted to a temperature-independent parameter using the average of the electrical current through the analysis. In this work, the unfolding processes of several proteins were investigated. Although the apparent transition temperatures by CE were generally consistent with those obtained by far-UV CD using a two-state transition model, these two methods had different detection selectivity for the change in the protein structures. The CE method would offer additional information for the unfolding processes of proteins.
There is considerable interest in investigating protein folding/unfolding processes to determine the nature of protein conformation. These processes have been analyzed by circular dichroism (CD), fluorescence, ultraviolet absorbance, differential scanning calorimetry (DSC), two-dimensional nuclear magnetic resonance, infrared spectroscopy (IR), X-ray scattering, mass spectrometry, and Raman 1 7 In these techniques, however, the high purity samples were required because the obtained signal usually consists of the sum of the individual signals from all components present in the solution. Alternative techniques with separation capability, such as size-exclusion chromatography8 and reversed-phase liquid chromatography9, have been employed. However, the interactions between the protein and the separation medium must be considered. l0
Capillary electrophoresis (CE) is a nano-scale analytical method used not only as a separation tool with high resolution, but also a tool for the physico-chemical properties of solutes, such as the dissociation constants of ionic drugs' 1, hydrophobicity of solutes12, and the hydrodynamic radii of S. nuclease mutants. 13 The possibility of CE for monitoring the thermally-induced unfolding of a-lactalbumin type III has been suggested by Rush et a1.14, and several groups reported that the electrophoretic mobilities of native proteins were affected by the chemically-induced folding/unfolding reactions of proteins. [15] [16] [17] [18] [19] The first report on the transition analysis of the thermally-induced unfolding reaction as well as the theoretical approaches on the monitoring of the conformational equilibrium were described by Hilser et al. 21, 22 Although these approaches were theoretically established, the fact that the temperature rise inside the capillary depends on the Joule-heat, was not considered in their experiments. It would be critical because the temperature difference between actual values and the values employed in the thermodynamic analyses would produce some errors in the measurement of the thermodynamic parameters.
The purposes of this work are to establish the nanoscale method for the monitoring of the protein unfolding by CE and to compare the detection selectivity of CE for the changes in the protein structure with that of other conventional techniques. First, a method for estimation of the temperature inside the capillary was investigated. Next, the in-column incubation method was introduced to reduce the amount of the sample and to avoid the long-time incubation of proteins under the denaturing condition. Additionally, the correction of the electrophoretic mobility was also carried out to measure the transition temperatures more obviously. The improved method was applied to several proteins and the selectivity and the sensitivity of this CE method for the change in protein structures was discussed in comparison with those of conventional techniques such as CD.
Experimental
Reagents Lysozyme from chicken egg white (LYS) (Cat. No. L6876), a-lactalbumin from human milk (LAL-h) (L7269), a-lactalbumin type III from bovine milk (LAL-III) (L6010), cytochrome c from bovine heart (CYT) (C3131), human serum albumin, essentially fatty acid free (HSA) (A1887), and f3-lactoglobulin B from bovine milk (LGL) (L8005) were obtained from Sigma (St. Louis, MO) and used without further purification. Dihydrofolate reductase (DHFR) and the Cys-free mutant (C85A/C152S) from Escherichia coli were prepared by a reported procedure.22 All other reagents were of analytical grade. The proteins employed were dissolved in disodium hydrogenphosphate-sodium dihydrogenphosphate buffer (1 0.05, pH 7.4) or 20 mM citric acid-20 mM trisodium citrate buffer (pH 2.7). Procedure CE measurement.
Capillary electrophoresis was performed using a Beckman P/ACE System 2100 (Beckman, Fullerton, CA) modified with an external thermostat system for the capillary. In this system, a EYELA UN-100 thermostated water bath (Tokyo Rikakikai, Tokyo, Japan) was connected to the coolant recirculation line of the P/ACE capillary cartridge. The coolant temperature was measured at the outlet of the cartridge by the external sensor with a precision of 0.02°C. Detection was performed by measuring UV absorbance at 214 nm. The applied voltage was 7.0 kV. A sSIL-WAX capillary (50 µm i.d., 25 cm total length and 17 cm effective length J & W, Folsom, CA) was employed in all experiments. The protein samples were prepared to be 0.05 sg/µl in the buffers. The CE separation solutions were the same as the sample buffers. In the thermally-induced unfolding measurements, the migration times of proteins employed were measured at every 3°C interval. The current value was also recorded at every 0.1 min and was converted to IAV, which was calculated by the following equation:
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where I is the current at i min and is is the migration time of the solute. All injections of samples were performed by pressure (0.5 psi) for 1.5 s. CD measurement. Unfolding monitoring by CD at 220 nm was carried out on an Aviv 62A DS circular dichroism spectrometer. The protein samples were prepared to be 0.05 sg/µl in the buffers and set in a 10 mm thermostated sample holder for 10 min. The samples were then heated in increments of 1°C, and the signals were recorded for 30 s after the equilibration for 1 min. Data analysis.
The electrophoretic mobility of the solute, µ, was given by
where Lt•Le are the total length of the capillary and the effective one, respectively, and V is the applied voltage. The obtained µ is converted to the corrected mobility divided by IAV. Both ellipticity from CD and corrected mobilities from CE, µ/IAV, were fitted with a thermodynamic two-state model which was adopted from Privalov et al. 23 Assuming the two-state model, one can describe the dependence of the observed signals on the temperature as follows: 
where Tm is the transition temperature, LiHm is the enthalpy difference at the transition temperature, LSm is the entropy difference at the transition temperature, and /H and LIS are enthalpy and entropy difference, respectively, as a function of the temperature. Substitution of Eqs. (4)- (7) into (3) gives
Data pairs of obtained T and Yobs were substituted into Eq. (8), and a multiline fitting program based on the Gauss-Newton method was run to optimize the Tm, L\Sm and ~Cp values using the solver function of MS-Excel (Microsoft, Redmond, WA).
Results and Discussion
Temperature inside capillary The temperature rise caused by the Joule-heat with high voltage application leads not only to a decrease in the reproducibility of the electrophoretic mobility24 but also to the interruption of the precise measurement of the temperature-induced unfolding of protein because of the incorrect temperature. In order to measure the actual temperature under the condition at 280 V/ m, the dependence of the electrical current on the electrical field was investigated. The current is affected by the temperature as follows :25 I=Eexp(A-B) I (9) where I is the electrical current, E is the electrical field, and A, B are constants. Therefore, the temperature rise could be evaluated using Eq. (9) because Eq. (9) indicated that I/ E would be changed with a rise in temperature. The dependence of I on E is shown in Fig. 1 , where the temperature seemed to be constant at 25°C and 50°C, E<_280 V/cm. However, at 75°C, a deviation from the line was observed due to the temperature rise. Therefore, the correction was done at 280 V/cm for each temperature employed using Eq. (9), where A, B values were calculated by multiline fitting using data sets of I, E, and T under the conditions of 40-160 V/cm at 25°C, 50°C and 75°C. The lines described in Fig. l are the ones calculated using Eq. (9), and the correlation coefficient between the calculated and observed values employed was 0.9999. As a consequence, the difference in the temperature between the inside and outside of the capillary was found to be approximately 0-7°C in the range of 15-80°C at 280 V/ cm. Based on this data, the correction was made for each temperature employed. Because the Joule-heat generated inside the capillary depends on the electrical power26, the temperature difference between the inside and the outside capillary gradually grew as the outside temperature increased, i.e., the electrical power increased, whereas Hilser etal. employed a constant value as the temperature difference for the analysis of LYS using an air-cooling instrument.20 So far, several groups had reported on the measurement or estimation of the actual temperature by the use of the thermal properties of the capillary and the inside solution26,27, a micro thermocouple28, the absorbance of a Co(II) solution29, thermodynamic parameters of the solute distribution between micelle and water in MEKC30, the conductivities at low and high voltages31, and the difference in electroosmotic flow at low and high voltages.31 However, some methods have limitations to be applied to this case, e.g., the thermal properties at every temperature employed would be needed for the method described in ref. 26 , the reproducible set-up of the system would be difficult for the thermocouple method, and free solutions without micelles and coated capillaries could not be used for the MEKC method and the electroosmosis method, respectively. Therefore, the Co(II) and the conductivity methods were applied. However, the Co(II) solution could not be used at higher temperature because of the high conductivity. Also, the calculated temperature from the conductivity methods depended on the temperature where the conductivity at a low voltage was measured. For example, at 50°C and 7 kV, the calculated temperature based on the conductivity at 50°C and 1 kV was 51.9°C, whereas the one calculated based on the conductivity at 25°C and 1 kV was below 50°C. Therefore, measurement at every temperature with low voltage was needed for the conductivity method. On the other hand, this method was useful because the temperature can be simultaneously estimated from the current value in the CE analysis. At 25°C and 7 kV, the obtained result was compared with those from other methods. Because of the difficulties of the estimation, the obtained values varied with the methods (0.13°C from the conductivity method, 0.23°C from the Co(II) method, and 1.75°C from MEKC method) and the temperature from our method provided a value inside this range (0.59°C).
In-column incubation method
In reported CE methods, protein samples were injected into the separation capillary after incubation in the sample vial.15-2o Therefore, greater amounts of samples were required and the possibility that the samples were damaged under the experimental conditions such as high temperature and UV light exposure for a long time could not be eliminated in these in-vial incubation methods. In fact, the incubation of DHFR and the Cys-free (C85A/C152S) mutant in the sample vial affected their peak areas, as shown in Fig. 2 . The incubation at 60°C caused the decrease in peak area at 214 nm and the peak areas did not increase after the incubation, although the des-Cys mutant has the fully reversible refolding properties.22 This might be caused by the aggregation of the unfolded proteins, followed by the irreversible interaction with the inner wall of the fused silica capillary. On the other hand, in the in-column incubation method, these proteins could be analyzed in less than 10 min and they did not need to spend extra time under denatured conditions. For five DHFR concentrations from 0.75 µM to 15 µM, the peak areas were linear with the y intercept nearly at the origin, and the correlation coefficient was greater than 0.999. And the reproducibilities of the migration time of DHFR at 25°C, 50°C and 75°C were less than 1.1%RSD. In addition, the incolumn incubation method would require less amount of samples because the same sample solution can be used for all electrophoretic runs at various temperatures. The amount of the sample solution introduced into the capillary in one injection was 3.75 nl, and the required amount for injections to avoid the injection of bubbles is ca. 1 µl in this instrument. Thus, the total amount used for evaluating the unfolding with adequate sensitivity was 2 µl (100 ng) for employed proteins as shown below.
Although the equilibrium time must be much faster than the analysis time in the in-column incubation method, this work entirely fulfilled the required conditions, as mentioned below. In addition, one might worry that peak broadening would occur in this method because of the slow kinetics of the unfolding reaction. In this case, however, the obvious difference in the peak width between the in-column incubation method and the in-vial incubation method was not observed. Therefore, the in-column incubation method was employed in this work.
Analysis time
The dependence of the analysis time on the mobility was studied in order to ascertain whether or not the injected protein reached the equilibrium state between the folded and unfolded forms using DHFR, of which the Tm is ca. 45 -50°C under the neutral condition.32 In this case, the mobility values of DHFR at 25°C and 75°C were independent of the applied voltage, which controlled the residence time in the capillary. In addition, the temperature change in the injected solution was evaluated by the dependence of the current on the analysis time. After applying 280 V/cm, one seems that the current increased and became constant in less than 1 min at 30 -75°C. These results demonstrated that the heat exchange between the capillary inside the buffer and the injected sample solution was quite rapid and the equilibrium of the unfolding reaction was established quickly enough not to affect the apparent mobility at 280 V/cm.
Correction of µ
As seen in Fig. 3A , the sigmoidal curve of the dependence of the electrophoretic mobility of DHFR on temperature was obtained. However, the electrophoretic mobility increased as the temperature increased, and the transition temperature was not so obvious because the change in the slope of the curve was quite small in the transition region. In principle, the electrophoretic mobility could be described as follows: q µ 6~crr~ (10) where q is the charge in the solute, r is the Stokes radius of the solute, and is the viscosity of the separation solution. The viscosity can be described with temperature:
Therefore, the electrophoretic mobility of DHFR increased as the temperature increased. Substitution of Eq. (11) into Eq. (9) provides ii E exp (A) I
Thus, the mobility can be expressed by the substitution of Eq. (10) Therefore, the mobility divided by the current, (13) Fig. 2 The effect of the incubation of DHFRs in the sample vials on their peak areas by CE. The peak area was corrected by the migration time and the internal standard (orange G), and was converted to the area ratio to the initial area. would be independent of temperature. However, in the regions above and below the transition region, µ/I were neither constant nor parallel, although the transition was more obvious in comparison with the case of µ (Fig. 3B ). This occurs because µ/I did not include the effect of the analysis time. In fact, the current values were not constant throughout the analysis because of the difference in the temperature between the injected solution and the separation buffer solution. Therefore, we introduced the new parameter, µ/IAV, where IAv included the effect of the mobility on the analysis time, as previously mentioned. The dependence of µ/IAv on temperature is shown in Fig. 3C . µ/IAv gave the expected result, that is, the values of µ/IAv were constant and parallel in the region above and below the transition region. Additionally, the results of the fitting analyses using mobilities modified and unmodified by Eq. (8) were compared. In the case of µ, Tm=33.4°C was obtained, because the slope of the curves changed in quite a small range. A reasonable Tm was obtained only by the removal of some outliers. On the other hand, Tm from µ/I and that from µ/IAv were 52.3°C and 52.2°C, respectively. As expected, /2/JAY provided a slightly better correlation coefficient, r, between the observed and calculated values than did µ/I (r=0.993 for µ/I and r=0.996 for µ/IAv).
Thermodynamic analysis
To evaluate the CE method, CE and CD using a far-UV wavelength were performed with a temperature gradient, and the thermodynamic parameters were measured for several proteins listed in Table 1 The separation solution was the same of the sample those by CD, if the detection selectivity for the change in the protein structure are different between CE and CD. The apparent thermodynamic parameters on the basis of the two-state model using Eq. (3) are listed in Table 1 , and the dependence of the mol fraction of the unfolded proteins on temperature is shown in Fig. 4 . Because the relative standard deviations of obtained L Cps were more than 100% in some cases, L\Cps were assumed to be zero. This assumption had little influence on the other parameters. Concerning LYS and CYT, for which the two-state model is applicable, Tm, LHm and aSm by CE were in agreement with those by CD. As expected, however, the obvious difference of the apparent Tm between CE and CD were observed for DHFR and HSA, although the apparent Tm by CE and CD were quite close for LAL-III and LAL-h and no transition region was observed by both CE and CD for LGL.
For DHFR, the shoulder of the curve was observed in the transition region in both far-UV CD and CE (Fig. 4D) . Two different Tm values of DHFR were detected by far-UV and near-UV CDs for the wild-type DHFR32 and by near-UV absorbance, near-UV CD and far-UV CD for some des-Cys DHFRs. 22 When This would be the reason why the apparent Tm of DHFR obtained by CE on the basis of the two-state model were different from that by CD. In Table 2 , Tm and Z values based on the threestate model are listed. Z values indicate the extent to which the intermediate resembles the unfolded state. As expected, the Z of CE was smaller than that of CD, and the difference of the Tm decreased.
The HSA employed in this study contained some minor components, as shown by CE (Fig. 5) , whereas the purity of the HSA employed had no influence on the CD signals (data not shown).
In the CE analysis of some commercially available albumin, the heterogeneity was observed.33,34 However, the thermodynamic parameters in the literature were often determined without any further purification of samples prior to use. Therefore, the apparent Tm of the main peak in CE (68.7°C) was higher than that from CD (59.8°C) and from the literature6 (63.4°C in a phosphate pH 7.4 by IR), where the same Cat. No. sample was used. Although it must be also considered that the detection selectivity of CE was different from that of CD, this phenomenon may occur mainly because the HSA sample includes the minor components with lower Tm and the CD and the IR methods measured the average Tm. This was supported by the observations in Fig. 5 , where the mobility-shift of the minor peaks occurred at lower temperatures. This was one of the advantages in this CE method, i, e., higher purity would not be needed in comparison with the CD Sensitivity of the mobility-shift
In a comparison of CE with far-UV CD in their selectivity for the change in protein structures, CE and far-UV CD were similar as a whole. However, for DHFR, they were obviously distinct. In addition, it should be considered that the sensitivity to these changes would be different.
The sensitivity of CE to the change in the effective charges and the hydrodynamic radius was simulated as follows: Assuming that the effective charges were constant in the unfolding process, the ratio of µU/IAv to /F/ 'AV, a, is described by: (14) where rF and rU are the hydrodynamic radii of the folded protein and the unfolded one, respectively. The change in the hydrodynamic radius required for distinguishing between these two species, i.e., the folded and unfolded proteins, can be estimated as follows: 
The baseline separation is usually obtained when RS is more than 1.5 and the N of the protein was usually more than 50000 in the case of the coated capillary. Thus, in principle, more than +2.7% of the change in the radius can be detected in CE when the effective charges were constant. Similarly, more than +2.6%, less than -2.7% of the change in the effective charges can be detected in CE when the radius was constant. Actually, however, these assumptions were not often valid, and there are two cases when the effective charges increased and decreased in the unfolding process. In fact, the i F of LAL-III and LAL-h was smaller than µU, and the others were opposite in this work. The detection sensitivity of CE would increase when the radius increased and the effective charges decreased. On the contrary, the sensitivity would decrease when the effective charges increased although the radius increased. The quantitative monitoring of the changes in the effective charges, i.e., the pKa shift in the unfolding process, could be achieved by analyzing the pH dependence of the electrophoretic mobility at a temperature where only the folded or the unfolded protein exists in the sample solution, as is the case of multivalent peptides.1 1 Kalman et al. measured the pH-induced change in the hydrodynamic radii of the S nuclease mutants from the electrophoretic mobilities divided by the effective charges. The obtained radii agreed well with those measured by X-ray scattering. 13 This suggested that ru/rF could be measured using Eq. (l0) and the effective charges.
